The effects of incorporation of the modified nucleobases, 2,6-diaminopurine (D) (substituting for adenine) and 7-chloro-1,8-naphthyridin-2-(1H)-one (bicyclic thymine, bT) (substituting for thymine), that stabilize PNA·DNA duplex formation by increasing hydrogen bonding and/or base pair stacking interactions have been studied by thermal denaturation in terms of thermodynamics. Although the stabilizing effect of the bT base (in contrast to that of D base) is abolished upon addition of dimethyl formamide, thereby indicating that the stabilization is predominantly due to hydrophobic stacking forces, duplex stabilization was found to be enthalpic for both nucleobases. Increased stabilization (although not fully linearly) was observed with increasing numbers of modified bases, and single base sequence discrimination was only slightly compromised, but showed significant dependence on the sequence context.
A C C E P T E D M A N U S C R I P T INTRODUCTION
The stability of nucleobase double helices, such as those composed of DNA or RNA, is dependent on a combination of intrabasepair hydrogen bonding and interbasepair stacking interactions of which the latter provides the larger contribution to the free energy of duplex formation (in aqueous media) [1] [2] [3] [4] [5] . Thus, for a given duplex of a defined sequence, the stability may be increased by substituting the natural A, C, G and T nucleobases with modified nucleobases that are capable of base pairing with additional hydrogen bonds and/or with increased interbasepair stacking overlap. In attempts of creating oligonucleotide probes with increased affinity for their natural DNA or RNA targets within genetic diagnostics or genetic therapy (e.g. antisense technology), a variety of such modified nucleobases have been discovered and studied [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . For instance, in the context of peptide nucleic acids (PNA), we have shown earlier that the adenine analogue, 2,6-diaminopurine (D), which can recognize thymine through three hydrogen bonds (as compared to only two in case of adenine) stabilizes PNA·DNA duplexes by 2-6ºC per substituted adenine [16] . In another study, we presented a bicyclic thymine analogue, 7-chloro-1,8-naphthyridin-2-(1H)-one (bicyclic T, bT) with increased surface area, which stabilizes PNA·DNA duplexes by more than 2ºC per substituted thymine [17] .
In order to gain more insight into the mechanism of hydrogen bonding versus stacking stabilization of nucleobase helices, we have studied the hybridization of DNA with eight PNA oligomers containing single or multiple substitutions of D or bT in terms of T m and hence derived thermodynamic parameters.
Materials and methods

PNAs
PNAs were synthesized using solid phase Boc chemistry, purified by HPLC and characterized by MALDI-TOF mass spectrometry as described previously [18] . Synthesis of PNA monomers containing D and bT bases and their incorporation in PNA oligomers have been described previously [16, 17] . PNA concentrations were determined spectrophotometrically at 65°C using molar extinction coefficients: ε 260 of adenine = 15400 
Chemicals and DNAs
All chemical reagents used were of analytical grade except for dimethylformamide (DMF), which was spectroscopic grade from Sigma-Aldrich, Munich, Germany. The DNA oligonucleotides were purchased from DNA Technology (Aarhus, Denmark) and used without further purification.
Sample preparation
Main stock solutions of PNAs and DNAs were prepared by dissolution in deionized double distilled water. Experimental samples were made by diluting from the corresponding main stock solutions in 10 mM phosphate buffer (pH 7.2) containing 100 mM NaCl and 0.1 mM EDTA.
Equimolar mixtures (1:1 stoichiometry in single strands) of the PNA or DNA and its complementary strand were dissolved in the buffer mentioned above. The duplex formation was assured by heating to 90°C and then cooling slowly to room temperature to allow proper annealing. No sign of aggregation or decreased solubility of the PNAs at up to 70% of organic co-solvents was observed.
UV-melting experiments
The thermal melting experiments were performed on a Cary 300 Bio UV-visible spectrophotometer (Varian, Cary, NC, USA) attached to a temperature controller. Thermal melting profiles were obtained using heating-cooling cycles in the range of −3ºC to 95°C.
The melting temperature (T m ) was determined from the peak of the first derivative of the heating curve. Cuvettes of 1.0 cm path length and 1.0 ml volume were used for all experiments.
It is important to note that thermal denaturation curves showed essentially unperturbed monophasic behaviour up to 60% organic co-solvent. (Thermal melting curves in Therefore, thermal or thermodynamic data at >60% of DMF could not be obtained.)
Thermodynamics
The thermodynamic parameters viz enthalpy change (∆H 0 ), entropy change (∆S 0 ), and
Gibbs' free energy change (∆G 0 ) were evaluated using the hyperchromicity method (curve fitting) and/or the concentration method [19, 20] .
The hyperchromicity method
The hyperchromicity method utilizes alpha curve and van't Hoff plots (lnK T vs T −1 )
according to the following definitions: The fraction (α T ) of the single strands that remained hybridized in the duplex at a particular temperature T in Kelvin is represented as:
where, A d is the absorbance of the duplex in fully hybridized condition, A s is the absorbance of the single strands in fully denatured condition and A is absorbance at a particular point on the thermal melting curve at temperature T.
For non-self complementary sequences forming n-mer structures, the general equilibrium constant (K T ) at a particular temperature T can be expressed as [19, 20] :
where, c ts represents the total concentration of strands and n is the molecularity of the complex. Assuming a two-state model, Equation 2 reduces to
The van't Hoff plot lnK T vs T −1 is a straight line represented by
Hence, ∆H 0 can be obtained from the slope and ∆S 0 can be obtained from the Y-intercept of the van't Hoff plot. ∆G 0 at a particular temperature T(K) can be calculated from
where R, the universal gas constant is 1.986 cal/mol.K.
The concentration method
The concentration method utilizes a plot of T m −1 vs lnc ts , where T m is the thermal melting temperature of the duplex and c ts is the total strand concentration of PNA or DNA [19, 20] .
Since T m is defined by the temperature where α = 0.5 for a two state transition, combining Equations 3 and 4 yields:
Thus the thermodynamic parameters can be extracted from a linear fit to a plot of T m −1 vs lnc ts according to Equation 6 . Hence, ∆H 0 is obtained from the slope of the linear fit and ∆S 0 from the Y-intercept.
The values of the thermodynamic parameters calculated by this method are thus independent of strand concentration, which is not the case with the hyperchromicity method described above.
Results and Discussion
The sequences of the PNA and DNA oligomers used in this study are listed in Table 1 , and the molecular structures of the modified bases are depicted in Fig. 1 . In order to perform a complete thermodynamic analysis, thermal denaturation curves of the PNA·DNA duplexes were obtained, and from these data the thermodynamics parameters viz. enthalpy change (∆H 0 ), entropy change (∆S 0 ) and Gibbs' free energy change (∆G 0 ) were derived using both
the hyperchromicity method (curve fitting) as well as the concentration method (T m −1 vs lnc ts plot, Eq. 6). (Representative thermal melting curves are displayed in Fig. S1 . A distinctive decrease in hyperchromicity observed in these curves with the increase in the number of modified bases is ascribed to differences in stacking hyperchromicity of the natural nucleobases compared to that of the modified bases D and bT.) The thermal and thermodynamic data are shown in Table 2 (the corresponding T m −1 vs lnc ts plots are shown in
The presence of one, two or three D bases at specific positions in the PNA strand increased the melting temperature of the PNA·DNA duplex by 1.2, 6.3 and 10.0°C, respectively, compared to that of the control (unmodified) duplex (Table 2) . Analogously, the presence of one, two or three bT bases in the PNA strand increased the melting temperature of the PNA·DNA duplex by 2.1, 3.1 and 4.1°C, respectively ( Table 2) . 
Effect of DMF
The behaviour of PNA duplexes containing modified bases in a non-aqueous environment gives a more direct molecular perspective of the relative contributions of the stabilizing forces. In a previous study on the effect of the aprotic, organic solvent DMF on the stability of iso-sequential PNA·PNA, PNA·DNA and DNA·DNA duplexes, we have shown that the change in the number of bound water molecules associated upon thermal melting of PNA·PNA duplexes is the smallest [21] , and that PNA duplexes (in contrast to DNA duplexes) show almost unaffected stability in 70% DMF [22] . In order to assess the contributions from stacking forces and H-bonds to the thermal stability of the duplexes of the present study, we have investigated the effect of increasing amount of DMF on the thermal stabilities of the PNA duplexes containing D base and/or bT base ( Figure 2 ; thermal and thermodynamic data are presented in Tables S2-S6 with representative thermal melting curves in Figures S4 and S5 , and the corresponding plots in Figure S6 ). It is striking, that whereas the destabilizing effect of increasing amount of DMF on the PNA duplex containing three D bases is fully parallel to that of the unmodified PNA duplex, the additional stability of the PNA duplex containing three bT bases showed a steady decrease with increasing amount of DMF up to 60% of DMF, and it is totally abolished when extrapolated to 100% DMF ( Figure 2 ). These results fully support the conclusion that the D·T base pair behaves like a normal base pair (in essence like a G·C base pair), being stabilized by hydrogen bonding as well as stacking forces, while the additional stabilization offered by the bicyclic thymine analogue bT appears to be exclusively of hydrophobic stacking nature.
Single base sequence discrimination by D base or bT modifications
In order to study whether sequence discrimination was compromised by the introduction of the D or bT bases, thermal stabilities were measured for PNA·DNA duplexes containing single mismatches (G or C bases) in the DNA strand at positions 3 or 5 of the PNA strand across from positions substituted with D or bT base, respectively.
The results (Table 3 , summarized in Table S7 with corresponding T m −1 vs lnc ts plots shown in Figure S7 , and a bar diagram representation shown in Figure S8 ) show that all
A C C E P T E D M A N U S C R I P T
ACCEPTED MANUSCRIPT 9 mismatches as expected cause destabilization of the duplex, but with significant variations (Table 3) . For example, the destabilization of the PNA·DNA duplex caused by a G7 mismatch is less in the presence of a combination of two D bases and two bT bases compared to the unmodified duplex. In general, the stability of the PNA·DNA duplexes containing modified bases appear slightly less sensitive to base pair mismatches, compared to the unmodified PNA·DNA duplexes. Although both thermodynamic and structural factors determine mismatched duplex stabilities, G·G and G·T mismatches are in general identified as the most stable mismatches, whereas C·C is the least stable one [20] . Clear experimental evidence for the influence of sequence context beyond nearest neighbour effects on the thermodynamic stability of a single base pair mismatched DNA duplex has been reported [23] . In the presently described PNA·DNA context, destabilization due to mismatches is clearly affected by the type of mismatch (G·T versus C·T and G·A versus C·A), the nucleobase partner (adenine versus diaminopurine and thymine versus bicyclic thymine), as well as the sequence context (nearest neighbour effects). However, the present (limited) data does not allow a full picture concerning the relative contributions of these factors.
Nonetheless a closer scrutiny of the data in Table 3 reveals that a T·C mismatch at position 7 destabilizes the unmodified PNA·DNA duplex more than a T·G mismatch at the same position (PNA1·DNA2 versus PNA1·DNA3), whereas destabilizations of the unmodified PNA·DNA duplex by A·G and A·C mismatches at position 9 are quite close (PNA1·DNA4 versus PNA1·DNA5).
With increasing number of D bases, the effect of T·G and T·C mismatches at position 7 (dG7 and dC7) is comparable. However, improved discrimination occurs when the D base is confronting a G mismatch (dG9) at position 9 (PNA3·DNA4), but this is not the case with a C mismatch at the same position (dC9), most likely reflecting the poor fit of two opposing purines combined with the loss of the three D·T base pair hydrogen bonds.
On the other hand, the data indicate that the bT base is relatively insensitive to the mismatch type and position in contrast to the D base, reflecting that the stabilization by this base is predominantly (or exclusively) due to increased base stacking.
The discrimination related to an A·G mismatch (a purine·purine pair, dG9) at position 9 in PNA5·DNA4 (one bT base) and PNA6·DNA4 (two bT bases) is almost as high as that seen for the unmodified duplex PNA1·DNA4. However, this discrimination is absent in the presence of two adjacent bT bases (PNA7·DNA4). This effect is ascribed to the increased 
Conclusions
The present results clearly show that increased PNA·DNA hybridization stability (with only slight decrease in sequence discrimination) both in terms of thermal stability as well as in terms of Gibbs' free energy change is obtained by substitution of adenine and thymine bases with D and bT bases, respectively, in the PNA oligomer. The results furthermore show that the stabilizing effect of the bT base is predominantly (or exclusively) of hydrophobic (stacking) nature in contrast to that of the D base. Overall, the results emphasize the utility of these modified nucleobases in the design of PNA probes for diagnostic or gene therapeutic applications.
Supplementary material
Representative thermal melting curves, all T m −1 vs lnc ts plots, all thermal and thermodynamic data in DMF and corresponding graphical plots. 
All the duplexes resulting from these sequences would be anti-parallel (either N/C or N/3´ or 5´/3´ The melting temperatures presented correspond to a duplex concentration of 5.0 µM in strands (c ts = 10.0 µM). The solvent was 10 mM phosphate buffer containing 100 mM NaCl and 0.1 mM EDTA, pH 7.2±0.01. † Three independent measurements were used to calculate the standard deviation. ‡ Evaluated from a plot of T m −1 vs lnc ts fitted to the Eq. 6 evaluated in a range of 1.0-10.0 µM of strand concentration ( Fig. S2-S3 ). ¶ Evaluated from hyperchromicity (curve fitting) method [see the Results and Discussion section]. § Extraction of thermodynamic parameters derived from thermal melting method requires that no/minimum change in heat capacity occurs in the duplex-single strand equilibrium. For the present systems we have found only minor changes. Table 3 Thermal melting temperatures of the PNA·DNA duplexes containing single base mismatches in the DNA strand Table S6 ). The duplex concentration is 5.0µM in strands. The amount of DMF was vol% in 10 mM phosphate buffer containing 100 mM NaCl and 0.1 mM EDTA, pH 7.2±0.01. 
